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The crystal structure of l-serine has been determined at room temperature at pressures between 0.3 and 4.8 GPa. The structure of this phase (hereafter termed l-serine-I), which consists of the molecules in their zwitterionic tautomer, is orthorhombic, space group P2 1 2 1 2 1 . The least compressible cell dimension (c), corresponds to chains of head-to-tail NHÁ Á Ácarboxylate hydrogen bonds. The most compressible direction is along b, and the pressure-induced distortion in this direction takes the form of closing up voids in the middle of Rtype hydrogen-bonded ring motifs. This occurs by a change in the geometry of hydrogen-bonded chains connecting the hydroxyl groups of the ÐCH 2 OH side chains. These hydrogen bonds are the longest conventional hydrogen bonds in the system at ambient pressure, having an OÁ Á ÁO separation of 2.918 (4) A Ê and an OÁ Á ÁOÁ Á ÁO angle of 148.5 (2) ; at 4.8 GPa these parameters are 2.781 (11) and 158.5 (7)
. Elsewhere in the structure one NHÁ Á ÁO interaction reaches an NÁ Á ÁO separation of 2.691 (13) A Ê at 4.8 GPa. This is amongst the shortest of this type of interaction to have been observed in an amino acid crystal structure. Above 4.8 GPa the structure undergoes a single-crystal-to-single-crystal phase transition to a hitherto uncharacterized polymorph, which we designate lserine-II. The OHÁ Á ÁOH hydrogen-bonded chains of l-serine-I are replaced in l-serine-II by shorter OHÁ Á Ácarboxyl interactions, which have an OÁ Á ÁO separation of 2.62 (2) A Ê . This phase transition occurs via a change from a gauche to an anti conformation of the OH group, and a change in the NC CO torsion angle from À178.1 (2) at 4.8 GPa to À156.3 (10) at 5.4 GPa. Thus, the same topology appears in both crystal forms, which explains why it occurs from one single-crystal form to another. The transition to l-serine-II is also characterized by the closing-up of voids which occur in the centres of other R-type motifs elsewhere in the structure. There is a marked increase in CHÁ Á ÁO hydrogen bonding in both phases relative to l-serine-I at ambient pressure.
Introduction
Molecular crystals display a wide range of intermolecular interactions, from strong ionic and hydrogen-bonding contacts to weak van der Waals contacts. The application of high pressure to organic materials is a very powerful way to probe the nature of these interactions. The magnitudes of the effects which are observed are generally greater than those observed on cooling. Pressure-induced polymorphism occurs in a number of systems. We have characterized, for example, new high-pressure phases in alcohols Allan et al., 2001 Allan et al., , 2002 , carboxylic acids (Allan et al., 1998 (Allan et al., , 2000 , acetone and, very recently, glycine (Dawson et al., 2005) . A different high-pressure phase of glycine has also been recently reported by Boldyreva et al. (2004) . The number of high-pressure studies on molecular systems that have actually been carried out is still rather small and systematic trends have yet to emerge. However, this is a rapidly emerging area of structural science and it has been the subject of a number of recent reviews, for example, Boldyreva ( , 2004a , Katrusiak (2004) and Hemley & Dera (2000) .
Organic compounds crystallize predominantly in lowsymmetry crystal systems and the effect of the application of pressure is generally quite anisotropic. The compressibility along different crystallographic directions can occasionally be rationalized in terms of the strengths of hydrogen bonds made along different directions. For example, both and we (Dawson et al., 2005) have shown that the least compressible lattice direction of -glycine corresponds to the direction of strongly hydrogen-bonded chains. However, in [Co(NH 3 ) 5 NO 2 ]Cl 2 some hydrogen bond lengths actually increase with pressure (Boldyreva et al., 1998) and it is clear that the behaviour of hydrogen bonds under high pressure depends not only on the bonds themselves, but also on their relationship to other features of a structure, such as other intermolecular interactions and crystal packing.
The extent to which compressibility can be explained, and how far a structure can be compressed before it undergoes a phase transition, are key issues of current interest in this area of crystallography. In this paper we attempt to address them in a study of the effect of pressure on l-serine. Amino acids have been studied extensively at ambient pressure both by neutron and X-ray diffraction; they are highly crystalline and their structures are dominated by hydrogen bonding (Jeffrey & Maluszynska, 1982) . Weak CHÁ Á ÁO hydrogen bonds occur frequently and play an important role in supporting more familiar medium-strength hydrogen bonds, e.g. NHÁ Á ÁO (Desiraju & Steiner, 1999; Derewenda et al., 1995) . Amino acids therefore make excellent candidates for this kind of study, but we hope that the results will additionally be useful for the development of inter-residue potentials which can be used to model the nature of pressure effects in proteins and other complex systems.
2. Experimental 2.1. Crystal growth l-Serine (99%) was purchased from Aldrich (catalogue number S2,60-0). One small, block-shaped crystal was obtained directly from the sample bottle and loaded into a diamond anvil cell.
High-pressure crystallography
High-pressure experiments were carried out using a Merrill±Bassett diamond anvil cell (half-opening angle 40 ), equipped with brilliant-cut diamonds with 600 mm culets and a tungsten gasket (Merrill & Bassett, 1974) . A 1:1 mixture of npentane and isopentane was used as a hydrostatic medium. A small ruby chip was also loaded into the cell as the pressure calibrant, with the ruby¯uorescence method utilized to measure the pressure. Measurements were carried out by excitation with a 632.417 nm line from a He±Ne laser, thē uorescence being detected with a Jobin±Yvon LabRam 300 Raman spectrometer. Diffraction data were collected on a Bruker SMART APEX diffractometer with graphite-monochromated Mo K radiation (! = 0.71073 A Ê ). A hemisphere of data was collected at room temperature using the crystal before it was mounted in the Merrill±Bassett cell. The crystal was orthorhombic and its unit-cell dimensions were a = 8.579 (4), b = 9.349 (4), c = 5.613 (3) A Ê based on 783 data 8 < 2 < 45
. The l-serine coordinates of Kistenmacher et al. (1974) were re®ned against these data to yield a conventional R-factor of 0.029 for 408 data with I > 2'(I). The aim of this experiment was simply to establish the starting phase of the sample used in this pressure study, and further crystallographic data are not given here.
Data collection and processing procedures for the highpressure experiments were as described by Dawson et al. (2004) . Integrations were carried out using the program SAINT (Bruker AXS, 2003) , and absorption corrections with the programs SADABS (Sheldrick, 2004) and SHADE (Parsons, 2004) . Data collections were taken in approximately 1.0 GPa steps from 0.3 GPa up to a ®nal pressure of 5.4 GPa. Determinations of the cell constants at 5.4 GPa showed that a single-crystal-to-single-crystal phase transition had occurred to a new polymorph (l-serine-II). The pressure was then reduced back down to ambient pressure and the sample removed from the pressure cell. Once removed, a hemisphere of X-ray diffraction data was collected at room temperature. The phase on return to ambient pressure was identi®ed as lserine-I on the basis of the unit-cell constants [orthorhombic, a = 8.531 (9) , b = 9.249 (10), c = 5.581 (6) A Ê ] and structure re®nement of l-serine-I coordinates yielded a conventional R factor of 0.041. This experiment aimed simply to establish the phase of serine after removal from the cell so further data are not given here.
Re®nements of the compressed form of l-serine-I were carried out starting from the published coordinates determined at ambient pressure. The structure of the new phase (lserine-II) was solved by the global minimization method using the program DASH (David et al., 2001) . Re®nements were carried out against |F| 2 using all data (CRYSTALS; Betteridge et al., 2003) . Owing to the low completeness of the data sets, all 1,2 and 1,3 distances were restrained to the values observed in the ambient pressure structure, and all C, N and O atoms were re®ned with isotropic displacement parameters.
H atoms attached to carbon and nitrogen were placed geometrically and not re®ned. At ambient pressure Kistenmacher et al. (1974) showed that the hydroxyl H atom (H7) eclipses C3ÐH2 with r(OH) = 0.88 A Ê and <COH = 107
; we have con®rmed these results. This feature is ascribable to the formation of intermolecular OHÁ Á ÁOH hydrogen bonds (see x3). In placing the hydroxyl H atom (H7) in the structures between 0.3 and 4.8 GPa, we initially assumed that the Table 1 Crystallographic data for l-serine at increasing pressures.
Weighting scheme: p = P(6)*max(F 2 o ,0) + (1 À P(6))F 2 c . Method = SHELXL97 (Sheldrick, 1997 Criterion for observed re¯ections Mixture of independent and constrained re®nement
Mixture of independent and constrained re®nement Weighting scheme
, 2.37, 0.00, 0.00, 0.00, 0.333
, 2.72, 0.00, 0.00, 0.00, 0.333 ambient pressure conformation of the CH 2 OH side chain was retained and this atom was placed in an ideal position for OHÁ Á ÁOH hydrogen bonding. However, the positional parameters of H7 were re®ned subject to the restraints r(OÐH) = 0.88 (1) A Ê and < COH = 107 (1) , so enabling the HOCC torsion angle to optimize. In all except the 4.8 GPa data set O3ÐH7 eclipsed C2ÐH2 as it does at ambient pressure. At 4.8 GPa O3ÐH7 appeared to adopt a staggered orientation with respect to the neighbouring CH 2 group; re®nements in which it was restrained in an eclipsed position failed to converge. Of course, the standard uncertainties on the positional parameters of H7 are so large that the differences between the two models are not statistically signi®cant, but in the 4.8 GPa model presented here H7 is left in its re®ned position. A de®nitive statement regarding the position of H7 at 4.8 GPa is not possible from these data, but neutron diffraction experiments would clarify this issue. At 5.4 GPa, H7 was observed in a difference map, but treated during re®nement in the same way as at lower pressure. All distances and angles involving H quoted in this paper were calculated after normalizing the H-atom position to mimic those that might be obtained by neutron diffraction [r(CÐH) = 1.083, r(NÐH) = 1.009, r(OÐH) = 0.983 A Ê ].
Listings of crystal and re®nement data are given in Table 1 .
1
Crystal structures were visualized using the programs CAMERON (Watkin et al., 1993) and MERCURY (Bruno et al., 2002) . Analyses were carried out using PLATON (Spek, 2004) , as incorporated in the WIN-GX suite (Farrugia, 1999) . Searches of the Cambridge Database (Allen, 2002; Allen & Motherwell, 2002) The numbering scheme used is the same as in the CSD refcode LSERIN01 (Kistenmacher et al., 1974) . In macromolecular structures our C2, C3 and O3 would be designated CA, CB and OG, respectively. The settings of the structures reported here are the same as used in LSERIN01; that used for l-serine-II was chosen to facilitate the comparison with lserine-I. Mixture of independent and constrained re®nement
, 1.89, 0.00, 0.00, 0.00, 0.333
2 + P(2)p + P(4) + P(5)sin ]; P(i) are: 0.00, 1.64, 0.00, 0.00, 0.00, 0.333 in the asymmetric unit in the space group P2 1 2 1 2 1 . We refer to this form as l-serine-I. The structure was determined using Xray diffraction by Benedetti et al. (1973) and then later by Kistenmacher et al. (1974) . The serine molecule is in its zwitterionic form [see (I)], with the CH 2 OH side-chain in the gauche conformation with respect to the ammonium and carboxyl groups (1 1 = 61.5 ). This conformation is observed under all conditions investigated during this work.
The structure of l-serine-I is dominated by hydrogen bonding (Figs. 1a±3a show projections of the structure along a, b and c, respectively). Many amino-acid crystal structures have one cell dimension of ca 5.5 A Ê and this is associated with a head-to-tail chain motif formed by NHÁ Á ÁOOC interactions. This is observed in l-serine-I, where the molecules form a chain via lattice repeats along the crystallographic c direction through three-centre N1H5Á Á ÁO1/2 interactions (Fig. 1a) . Jeffrey & Maluszynska (1982) have shown that such interactions can take on varying degrees of asymmetry and that observed here is relatively symmetrical, with distances of 1.91 (H5Á Á ÁO2) and 2.29 A Ê (H5Á Á ÁO1). If the weaker hydrogen bond is ignored, the graph-set descriptor of this chain is C(5) (Bernstein et al., 1995) .
A second C(5) chain, generated by the 2 1 about c, is linked to the ®rst via N1H6Á Á ÁO1 hydrogen bonds [N1Á Á ÁO1 2.840 (4) A Ê )] to form a ribbon. The N1H6Á Á ÁO1 interactions also generate primary level C(5) chains along the ribbon. Along the length of the ribbon the combination of the two C(5) chains forms secondary-level R 3 3 11 ring motifs. The CH 2 OH side chains are distributed along the outside edges of the ribbons and these interact via C(2)Á Á ÁO3H7Á Á ÁO3H7 hydrogen bonds to link the ribbons into layers. The hydrogen bonds between the hydroxyl groups are quite weak, with O3Á Á ÁO3 measuring 2.918 (4) A Ê under ambient conditions. The combination of the C(2) and C(5) N1H5 F F F Á Á ÁO2 chains generates secondary-level R 3 3 13 ring motifs (Fig. 1a) . The layers are stacked along a, having a sinusoidal appearance when viewed in projection onto (001) (Fig. 3a) . The layers are linked by N1H4Á Á ÁO2 interactions which form yet another primary level C(5) chain which runs along a (Fig.  2a) . The intersection of the N1H5Á Á ÁO2 and N1H4Á Á ÁO2 C(5) chains along a and c builds a third set of secondary-level ring motifs, these having the descriptor R 3 4 14. The N1H5Á Á ÁO2 and N1H4Á Á ÁO2 interactions actually build another layer which is parallel to the ac plane (Fig. 2a) . Overall then, the structure consists of two sets of layers: one stacks along a and contains R 3 3 11 and R 3 3 13 ring motifs, the other is more planar, stacks along b and contains R 3 4 14 rings. We shall refer to these as the A and B layers, respectively. The N1H4Á Á ÁO2 interactions which occur within the B layers can also be viewed as interactions between the A layers; similarly, the N1H6Á Á ÁO1 and O3H7Á Á ÁO3H7 interactions within the A layers serve to link the B layers (Fig. 3a) . The N1H5Á Á ÁO2 hydrogen bonds are common to both layers.
Plots of the cell dimensions and volume of l-serine as a function of pressure are given in Fig. 4 . l-Serine-I is stable to 4.8 GPa (48 kbar). Above this pressure it undergoes a singlecrystal-to-single-crystal phase transition to a new phase, which we designate l-serine-II. We prefer this I-, II-, etc. phase nomenclature to the -, -, etc. nomenclature for amino acids even though the polymorphs of glycine are denoted , , , Effect of pressure on the crystal structure of l-serine as viewed along a: (a) l-serine-I at ambient pressure; (b) l-serine-I at 4.8 GPa; (c) l-serine-II at 5.4 GPa. This layer is referred to as the A-layer in the text. Colour scheme: red oxygen, blue nitrogen, green carbon and white hydrogen. The orientations of all diagrams are the same; the scale is the same as that used in Figs. 2 and 3 . The bifurcation of the N1H5Á Á ÁO1/2 and CHÁ Á ÁO bonding are shown only in the bottom-left fragment of the diagram.
etc. because the symbols and are used for other purposes in amino-acid chemistry.
Response of L-serine-I to pressure up to 4.8 GPa
The response of the unit-cell dimensions of l-serine-I to high pressure is anisotropic (Fig. 4) , although, since the crystal system is orthorhombic, the principal axes of the strain tensor must be coincident with the crystallographic axes. The largest reduction occurs in the b axis (6.2%), while the a and c axes change by 2.6 and 2.1%, respectively. The volume changes most rapidly between 0.2 and 2.9 GPa, and then the trend attens-off up to 4.8 GPa; above 4.8 GPa all three axis lengths change suddenly during the transition to l-serine-II. Fig. 5 shows the superposition of the structures of l-serine-I at ambient pressure and at 4.8 GPa, where the molecules are represented by their inertial tensors. The orientations of the molecules change slightly, but the large compression along b is readily apparent.
The variation of hydrogen-bonding parameters in l-serine-I between 0.3 and 4.8 GPa is presented in Table 2 . N1H4Á Á ÁO2 shortens from NÁ Á ÁO 2.887 (4) A Ê at ambient pressure to 2.691 (13) A Ê at 4.8 GPa (Fig. 2b) . A search of the Cambridge Database reveals that there are only three amino acid structures (out of 213) in which NHÁ Á ÁO interactions are shorter than this, the shortest, 2.661 A Ê , being observed in l-arginine lglutamate trihydrate (DUSMAF; Suresh et al., 1986) . The shortening of this distance occurs quite smoothly between 0.3 and 4.8 GPa. N1H6Á Á ÁO1 is formed approximately along the b* axis (Fig. 1b) and re¯ection data along this direction of reciprocal space were severely shaded by the pressure cell. This distance is therefore not very precisely determined in the present study, but it also shortens from 2.840 (4) to 2.72 (3) A Ê .
The least compressible interaction is the head-to-tail, bifurcated, N1H5Á Á ÁO1/2 chain-forming interaction along c. The OÁ Á ÁO interaction should just have one set which constitutes the three-centre hydrogen bond along this direction which decreases from OÁ Á ÁO = 2.871 (3) to 2.775 (13) A Ê between ambient pressure and 4.8 GPa. The longer bond in this bifurcated motif decreases from 3.118 (3) to 2.981 (12) A Ê , which corresponds to an enhancement of the bifurcated character of this hydrogen bond. The crystal structure ofglycine also contains head-to-tail chains of molecules and also in that structure an increase in bifurcation is also observed with pressure (Dawson et al., 2005) . The crystallographic direction parallel to this chain in -glycine is the least compressible in the system , as it is here.
The hydrogen bonds in the OHÁ Á ÁOHÁ Á ÁOH chain formed by the side groups of the serine molecules are longer than those formed between the ammonium and carboxylate groups, and the OÁ Á ÁO distances measure 2.918 (4) A Ê at ambient pressure. These interactions also decrease in length to 2.781 (11) A Ê . Brock & Duncan (1994) quote a range of 2.55± 3.05 A Ê for the OÁ Á ÁO distances in this type of interaction at ambient pressure, with an average of 2.79 (1) A Ê . The angles subtended at O3 in these chains increases from 148.5 (2) at ambient pressure to 158.5 (7) at 4.8 GPa. We have recently described the crystal structure ofglycine at 6.2 GPa (Dawson et al., 2005) . The structure consists of a stack of hydrogen-bonded bi-layers which interact via CHÁ Á ÁO hydrogen bonds. Within the layers sets of C(5) chains intersect to form R similar features can be observed in the compression of lserine-I. Inspection of space-®lling plots (Fig. 6a±f) shows that there are holes in the centres of each of the R 3 3 11, R 3 3 13 and R 4 3 14 ring motifs formed in l-serine-I. The shortening of the NHÁ Á ÁO hydrogen bonds (even N1H4Á Á ÁO2, which became very short) is not enough to close up the holes in the middle of the R 3 3 11 and R 3 4 14 rings, which occur in the A and B layers, respectively. Closure of the hole in the centre of the R 3 3 13 ring does occur though, and as this closure occurs along the baxis direction, the greater compressibility of the b axis compared with the a and c axes is understandable. The closure occurs not only by a shortening of the O3Á Á ÁO3 distance from 2.918 (4) to 2.781 (11) A Ê , but also an increase in the O3Á Á ÁO3Á Á ÁO3 angles made along the chains of hydroxyl groups from 148.5 (2) to 158.5 (7) (the angle made by the vector between the central O3 and the midpoint of the twō anking O3s and [010] is 15.4 ; Fig. 1b ). As these appear to be comparatively weak hydrogen bonds this is presumably a rather`soft' parameter, which deforms easily under pressure.
CHÁ Á ÁO interactions occur frequently in the structures of amino acids and in proteins (Desiraju & Steiner, 1999) . A survey of amino-acid crystal structures determined by neutron diffraction showed that the most common HÁ Á ÁO distances are around 2.4 A Ê , with a minimum of 2.15 A Ê (Jeffrey & Maluszynska, 1982) . Generally, it is the H atom attached to the -C atom which is involved in this type of interaction, as this is activated by the neighbouring ammonium and carboxylate groups (Derewenda et al., 1995; Desiraju & Steiner, 1999) ; the H atoms of side chains are involved less frequently. l-Serine under ambient conditions does not conform to this general trend and under ambient conditions the strongest CHÁ Á ÁO interactions are formed by the CH 2 group to the O atoms of neighbouring hydroxyl and carboxylate groups at normalized distances of 2.55 and 2.56 A Ê for C3H3Á Á ÁO1 and C3H2Á Á ÁO3, respectively. The shortest CHÁ Á ÁO contact made by the H atom is 2.75 A Ê at ambient pressure. CHÁ Á ÁO hydrogen bonding from the C H group becomes more signi®cant at high pressure and the normalized C2H1Á Á ÁO1 distance becomes 2.44 A Ê at 4.8 GPa. Most of the shortening in this interaction occurs between 0.3 and 2.9 GPa. The C3H3Á Á ÁO1 interaction shortens to 2.42 A Ê and together these interactions form a pair of contacts to the same O1 atom across the R 3 4 14 rings in the B layers. These CHÁ Á ÁO interactions can also be considered to support the N1H4Á Á ÁO1 interactions formed between the A layers.
Therefore, while the compression of -glycine was characterized by the closing up of voids in R motifs with concomitant shortening of weak CHÁ Á ÁO hydrogen bonds, that in l-serine-I is associated with the deformation and shortening of rather weak OHÁ Á ÁOH hydrogen bonds. Although different interac- Effect of pressure on the crystal structure of l-serine as viewed along c: (a) l-serine-I at ambient pressure; (b) l-serine-I at 4.8 GPa; (c) l-serine-II at 5.4 GPa. The A-layers run vertically, the B-layers horizontally. The orientations of all diagrams are the same; the scale is the same as that used in Figs. 1 and  2 . The CHÁ Á ÁO bonding is shown only in the bottom-left fragment of the diagram. Colour scheme: as shown in Fig. 1. tions are involved in the two amino acids, both might be considered easily deformable. The formation of CHÁ Á ÁO hydrogen bonds between the layers in the -glycine structure is paralleled in l-serine-I by CHÁ Á ÁO bond formation between the A layers (Fig. 3b) .
One interesting conclusion of the, admittedly limited, research that has been carried out on hydrogen-bonded molecular systems is that super-short hydrogen bonds are not formed by the application of pressures below ca 10 GPa. The lower distance limits for such interactions which apply at ambient pressure also seem to apply at high pressure. In serine at 4.8 GPa at least one NÁ Á ÁO distance (N1H4Á Á ÁO2) approaches the lower limit for this kind of interaction observed in the Cambridge Database. Above this pressure a phase change occurs to a hitherto uncharacterized phase, l-serine-II.
L-Serine-II at 5.4 GPa
The transition from l-serine-I to l-serine-II occurs with a marked reduction in the volume of the unit cell (Fig. 4) . The volume per non-H atom in phase II is only 13.4 A Ê 3 . Remarkably, the transition proceeds from one single crystal of lserine-I to a single crystal of l-serine-II, and this transition is fully reversible.
The observation that this transition occurs from one single crystal to another strongly implies that the overall topologies of phases I and II are similar to each other. This proves to be the case, and the structure also consists of two sets of layers which are stacked along the a and b directions ( Figs. 1c and 2c ; hydrogenbonding information is presented in Table 3 ). In terms of hydrogen bonds formed, the structure of the B layers is the same as in l-serine-I. Chains are formed by lattice repeats along c in which the molecules interact via three-centre N1H5Á Á ÁO1/2 bonds. In a reversal of the trend established during the compression of l-serine-I, these bonds are less symmetrical than the equivalent ones in l-serine-I at 4.8 GPa.
Neighbouring chains are linked into a B-layer by N1H4Á Á ÁO2 hydrogen bonds, to build R 3 4 14 motifs (Fig. 2c) . These are completely analogous to those in the B-layers of l-serine-I, but the rings in l-serine-II are longer and thinner (cf . Figs. 2a±c ). This change occurs by 153 (3) 153 (14) 147 (7) 139 (6) 147 (6) 129 (7 (i) opposite displacements of the molecules in successive N1H5Á Á ÁO2 chains along the c direction (i.e. the chains slide across each other), and
(ii) compression of the distance between the chains along the a direction. Thse changes enable compression of the R Figs. 6c, f and i) . The dimensions of the ring are equal to a/2 and c, and so the transition effects the lengths of the a and c unit-cell axes, the former sharply decreasing and the latter increasing slightly relative to l-serine-I.
As in l-serine-I, the structure of the A-layers consists of ribbons in which C(5) chains formed by N1H5Á Á ÁO2 hydrogen bonds are linked by N1H6Á Á ÁO1 hydrogen bonds (Fig. 1c) . The N1Á Á ÁO1 distances R 3 3 11 rings so-formed appear to be somewhat shorter than in l-serine-I at 4.8 GPa, although the standard uncertainties are high. There is a substantial change in the way the ribbons are connected into a layer. In l-serine-I this was achieved through OHÁ Á ÁOH interactions, but in lserine-II these are replaced by much stronger O3H7Á Á ÁO2 hydroxyl to carboxylate hydrogen bonds. This generates R 2 3 13 motifs which replace the R 3 3 13 motifs. The hydroxyl H7 atom was located in a difference-Fourier map and is clearly attached primarily to O3. Its position was also optimized in a plane-wave DFT calculation, with results consistent with those implied by the difference map (details of these calculations will be described in another publication). The length of the new hydrogen bond is very short, with an O3Á Á ÁO2 distance of 2.62 (2) A Ê , although the (normalized) H7 F F F Á Á ÁO2 distance is 1.71 A Ê . In order to accommodate this interaction the N1Ð C2ÐC1ÐO2 torsion angle changes from À178.1 (2) at 4.8 GPa to À156.3 (10) at 5.4 GPa. The orientation of the O3H7 group changes from being gauche to anti with respect to C2ÐC3. This movement of the H atom implies that the C(5) chains which run along c must move apart slightly, with the result that the b axis is actually ca 0.5 A Ê longer in l-serine-II than in l-serine-I.
The formation of l-serine-II is also characterized by a marked increase in CHÁ Á ÁO hydrogen bonding, with each H atom making two interactions. These occur within the A-layers between the CH 2 groups and the hydroxyl and carboxylate groups of neighbouring molecules involved in the new R 2 3 13 ring motifs. In the B-layers they are formed across the R 3 4 14 rings in the direction of the a axis; they can therefore be considered to stabilize the compression of these rings.
Conclusions
We have described the effect of high pressure on the crystal structure of l-serine. The structure can be considered to consist of two sets of layers, which stack along the a and b axes of the unit cell, and which have been referred to above as the A-and B-layers. The A-layers contain NHÁ Á ÁO and OH F F F Á Á ÁOH interactions which combine to give R 3 3 11 and R 3 3 13 ring motifs; NHÁ Á ÁO interactions in the B-layers form R 3 4 14. The R 4 3 14 motifs within the B-layers can also be viewed as connections between the A-layers. This structure remains stable up to 4.8 GPa. It undergoes anisotropic compression in which the principal structural effect is to compress voids in the middle of the R 3 3 13 rings of the Alayers by deforming the rather`soft' hydrogen-bonded hydroxyl chains. The stacking distance between the A-layers also decreased, with a shortening of NHÁ Á ÁO hydrogen bonds supported by the formation of CHÁ Á ÁO hydrogen bonds. This latter effect continued until, at 4.8 GPa, the length of the NHÁ Á ÁO hydrogen bonds approached the minimum value observed for this kind of interaction. Above 4.8 GPa a singlecrystal-to-single-crystal phase change to l-serine-II occurs.
The phase change from l-serine-I to l-serine-II is accomplished by the change in two torsion angles and small positional displacements, and there are no major changes in the orientations of the molecules. The observation that the Comparison of packing in the structures of l-serine-I at ambient pressure (blue) and 4.8 GPa (red). Molecules are represented by their inertial tensor ellipsoids. The unit cell shown corresponds to the ambient pressure phase. Note that the molecules do not greatly change orientation. transformation occurs from one single crystalline form to another is therefore readily understood. In the new phase the hydrogen-bonded links in the A-layers between OHÁ Á ÁOH groups are replaced by stronger, shorter OHÁ Á Ácarboxyl interactions. The layers also move closer together by closingup voids which occur in the centres of the R 3 4 14 rings. All three H atoms which are attached to carbon take part in two CHÁ Á ÁO interactions. The b and c axes are longer in l-serine-II than in l-serine-I, but the a axis is substantially shorter and the overall effect is a reduction in the volume of the unit cell. This reduction is ascribable to the closing-up of the voids in the R 3 4 14 rings. In l-serine high pressure closes up voids which occur in R motifs and decreases the interactions between layers by CHÁ Á ÁO hydrogen-bond formation. Similar comments apply to the behaviour of glycine under pressure. We are currently investigating the effect of pressure on other -amino acids and it will be interesting to discover to what extent these same effects apply in those systems.
Figure 6
Space-®lling plots showing R-type graph sets which occur in l-serine phases I and II as a function of pressure. The top, middle and bottom rows correspond to the l-serine-I at ambient pressure, l-serine-I at 4.8 GPa and l-serine-II at 5.4 GPa, respectively. On the left of the diagram (a), (d) and (g) are all R 3 3 11 motifs which occur in the A-layers (cf . Fig. 1) ; the hole in this small ring does not become very much smaller with increasing pressure. In the middle column of the diagram (b) and (e) show R 3 3 (13) motifs, which also occur in the A-layers (cf. Fig. 1 ). Note that the hole in the middle of the ring is signi®cantly smaller at 4.8 GPa than at ambient pressure. At 5.4 GPa (h) the R 3 3 13 motif of form I has been converted into R 
